Objective: Reelin (RELN) is a large glycoprotein involved in synapse maturation and neuronal organization throughout development. Deficits in RELN signaling contribute to multiple psychological disorders, such as autism spectrum disorder, schizophrenia, and bipolar disorder. Nutritional stress alters RELN expression in brain regions associated with these disorders; however, the involvement of RELN in the neural circuits involved in energy metabolism is unknown. The RELN receptors apolipoprotein E receptor 2 (ApoER2) and very low-density lipoprotein receptor (VLDLR) are involved in lipid metabolism and expressed in the hypothalamus. Here we explored the involvement of RELN in hypothalamic signaling and the impact of diet-induced obesity (DIO) on this system. Methods: Adult male mice were fed a chow diet or maintained on a high-fat diet (HFD) for 12e16 weeks. HFD-fed DIO mice exhibited decreased ApoER2 and VLDLR expression and increased RELN protein in the hypothalamus. Electrophysiology was used to determine the mechanism by which the central fragment of RELN (CF-RELN) acts on arcuate nucleus (ARH) satiety-promoting proopiomelanocortin (POMC) neurons and the impact of DIO on this circuitry. Results: CF-RELN exhibited heterogeneous presynaptic actions on inhibitory inputs onto ARH-POMC-EGFP neurons and consistent postsynaptic actions. Additionally, central administration of CF-RELN caused a significant increase in ARH c-Fos expression and an acute decrease in food intake and body weight. Conclusions: We conclude that RELN signaling is modulated by diet, that RELN is involved in synaptic signaling onto ARH-POMC neurons, and that altering central CF-RELN levels can impact food intake and body weight.
INTRODUCTION
Reelin (RELN) is a large extracellular glycoprotein that is implicated in synaptic formation, remodeling, neuronal migration, and development [1] . Disruption of RELN signaling leads to abnormal architectural patterning in cortical, cerebellar, and hippocampal neurons [2e4] . RELN is also linked to cognitive defects associated with psychiatric and developmental disorders, such as autism spectrum disorder (ASD) [5, 6] . Nutritional stress from consumption of a high-fat diet (HFD) decreases RELN expression in brain regions associated with developmental disorders, including the hippocampus and medial prefrontal cortex (mPFC) [4, 7] . However, the synaptic mechanisms underlying hypothalamic RELN signaling and their involvement with energy metabolism are unknown.
Full-length (FL) RELN is comprised of 6 unique RELN repeat domains and is cleaved by ADAMTS-4 and ADAMTS-5 into three primary fragments, the N-terminus (NT; N-R2, 180 kDa), central fragment (CF; R3-6, 164 kDa), and the C-terminus fragment (CT; R7-C, 80 kDa) [8, 9] . There are two known receptors for RELN, the very low-density lipoprotein receptor (VLDLR) and the apolipoprotein E receptor 2 (ApoER2), both of which have a high affinity for FL-RELN and CF-RELN, but not for NT-RELN or CT-RELN [8, 10] . CF-RELN alone can activate ApoER2 and VLDLR, leading to Disabled-1 (Dab1) phosphorylation and downstream signaling cascades that result in neuronal maturation [11] . VLDLR is primarily found in the periphery and is implicated in lipid metabolism, adipose tissue inflammation, and adipocyte-macrophage interactions, while ApoER2 is primarily found in the brain and contributes to lipoprotein metabolism, neuronal migration, and long-term potentiation [12e15] .
The arcuate nucleus of the hypothalamus (ARH) plays a major role in energy balance and food intake [16] . Two ARH neuronal cell types that are important in the central regulation of energy homeostasis are neurons that co-express neuropeptide Y (NPY), agouti-related peptide (AgRP), and GABA, and those that express proopiomelanocortin (POMC) [17e19] . ARH-POMC neurons send projections throughout the brain and are involved in glucose homeostasis, thermogenesis, satiety pathways, and hedonic drive [20e22] . They are directly activated by anorexigenic signals, including insulin, high glucose, and leptin [23e 26]. Attenuated hypothalamic POMC expression is the earliest parameter that distinguishes obesity-prone from obesity-resistant mice before challenge with a HFD [27] . ARH-POMC neurons receive direct inhibitory GABAergic inputs from ARH-NPY neurons [28, 29] . Many GABAergic interneurons in the adult cortex co-express RELN; however, the role of RELN in inhibitory GABAergic inputs onto ARH-POMC neurons and how its signaling is altered in different metabolic states is unknown [30, 31] . Here we determined the impact of DIO on RELN, ApoER2, and VLDLR expression in the hypothalamus. Next, we identified a synaptic mechanism by which CF-RELN acts on ARH-POMC neurons and the impact of DIO on this system. Lastly, we investigated the in vivo effects of central CF-RELN administration.
MATERIALS AND METHODS

Animals
All animal procedures and experiments were approved by the Oregon National Primate Research Center Animal Institutional Care and Use Committee (IACUC) and the Novo Nordisk Ethical Review Committee in accordance with the U.S. Public Health Service Policy on Humane Care and Use of Laboratory Animals (PHS Policy) and the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Guide). Male POMC-EGFP transgenic mice on a C57BL/6 background were bred in-house (JAX stock #009593, The Jackson Laboratory). All animals were group-housed at 25 C, under a 12/12-hr light/dark cycle, with food and water available ad libitum. For induction of DIO, animals were placed on a 60% high-fat diet (HFD) for 12e16 weeks (D12492, Research Diets). POMC-EGFP mice on a C57BL/6 background at ages 12e24 weeks were used for these studies [28] (JAX stock #009593, The Jackson Laboratory).
Surgery
Animals were anesthetized for surgery using 3% isoflurane in oxygen delivered by nose cone. Intracerebroventricular (ICV) implantation of guide cannula (C315GS-4/SPC, cut 2 mm below the pedestal, PlasticsOne) was conducted under sterile conditions and cannula were placed in the lateral ventricle using a stereotax (David Kopf Instruments, Tujunga, CA) at the following coordinates relative to bregma: AP ¼ À0.7 mm, ML ¼ 1.2 mm. Mice were administered carprofen at 5 mg/kg/day for 2 additional days and allowed to recover for 7 days before initiating experimental tests. For verification of cannula placement, angiotensin II (2.5 mg/mouse, 5-mL injection volume, SigmaeAldrich) was administered via i.c.v. injection and water intake was recorded after one hour. Mice that consumed <1 mL of water were not included in the study.
Euthanasia
Animals were anesthetized by intraperitoneal injection of a ketamine/ xylazine cocktail (120 mg/kg) and then transcardially perfused with 0.9% ice-cold saline solution followed by a 10% neutral-buffered formalin solution (NBF; Fisher Scientific). Brains were post-fixed in the same fixatives overnight and transferred to 25% sucrose buffer solution. For electrophysiology, qPCR, and western blot studies, animals were anesthetized in a chamber with isoflurane before sacrifice by decapitation.
2.4. In situ hybridization PCR primers to generate riboprobes for ApoER2, VLDLR, and RELN gene expression were designed using NIH BLAST. PCR products were ligated into a pGEM-T vector and sequenced to verify their identity. Plasmids containing the probes were linearized using the appropriate restriction enzymes and 33 P-UTP labeled probes generated. In situ hybridization was performed as previously described [32] . Adult male mouse brains were sectioned at 20 mm on a microtome, brain sections were fixed in 4% paraformaldehyde and then run through a series of washes for dehydration, delipidation, and rehydration. Sections were exposed to 33 P-UTP-labeled probes overnight in a moist chamber at 55 C. After hybridization, the slides were washed in 4x saline sodium citrate (SSC), then incubated in buffer containing RNase A at 37 C, followed by washes in 0.1xSSC at 60 C. Slides were then dehydrated through a graded ethanol series and dried. Sections were exposed to film overnight for visualization of the probe (Biomax MR, Kodak).
2.5. Quantitative PCR Hypothalami were collected from control and DIO mice. Tissue was homogenized in Trizol and RNA was isolated using the RNeasy micro kit with on-column deoxyribonuclease I treatment (Qiagen). Quality and integrity of RNA was determined using a ND-1000 Nanodrop spectrophotometer. Reverse-transcription reactions were prepared using 2 mg of RNA and a cDNA Synthesis Kit (Promega). Quantitative realtime PCR was performed using TaqMan probes (Applied Biosystems) for RELN (Mm00465200_m1), ApoER2 (Mm00474030_m1), and VLDLR (Mm00443298_m1). The level of 18s rRNA (Hs03003631_g1) was used as an endogenous control for normalization. PCRs were performed in a 10-ml volume using 0.5 ml TaqMan probe, 20 ng cDNA template, 5 ml TaqMan Gene Expression Master Mix II with UNG (Applied Biosystems), and 2.5 ml DNase/RNase molecular-grade water (Qiagen). Real-time PCR was run using a 7900HT Fast Real-Time PCR system with initial denaturation at 50 C for 2 min and 95 C for 10 min, followed by 40 cycles at 95 C for 15 s, and annealing at 60 C for 1 min.
Western blot
Hypothalamic protein samples from control and DIO mice were heatdenatured at 95 C for 5 min in denaturing loading buffer and separated on 8e16% Tris-glycine pre-cast gels (Invitrogen) using a minigel electrophoresis system (Bio-Rad Laboratories) at 35 mA per gel for 80 min. Protein was transferred to nitrocellulose membranes using iBlot (Life Technologies). Equal protein loading was assessed using Ponceau S staining (SigmaeAldrich). Following transfer, membranes were blocked for 2 h with Tris-buffered saline/0.1% Tween-20 (TBST) containing 5% bovine serum albumin (BSA) or 5% non-fat milk protein (Mid-America Farms). Nitrocellulose membranes were incubated with a mouse monoclonal anti-RELN (Abcam, ab78540, 1:500) or rabbit ApoER2 (Abcam, ab215274, 1:500) primary antibody overnight at 4 C in 1% BSA prepared in TBST. To confirm equal protein loading, membranes were later stripped using Re-Blot solution (Chemicon International) and incubated with anti-b-actin antibody (Santa Cruz Biotechnology; Santa Cruz, CA; 1:1000) in TBST containing 5% non-fat milk protein. Following primary antibody incubation, membranes were washed in TBST prior to incubation with an HRP-conjugated donkey anti-mouse or goat anti-rabbit (Invitrogen, 1:10,000) secondary antibody (Invitrogen; 1:10,000) in TBST containing 5% nonfat milk protein (Mid-America Farms) for 1 h at room temperature. Signals were detected using an enhanced chemiluminescence detection system (ECL; Pierce) and detected on photosensitive film (Hyperfilm-ECL; Kodak). Protein band intensity was determined using scanning densitometry and normalized to b-actin for analysis. using 100 mL/well at 1 mg/mL overnight at 4 C. After a wash step using 400 mL/well x 5 cycles (BioTek 405 Select Washer), plates were blocked using 200 mL/well of SuperBlock T20 in PBS (ThermoScientific/Pierce Cat. No. 37516) for 1 h at ambient room temperature (ART) with shaking (IKA MTS 2/4 set at 600 rpm). After another wash step, biotinylated ApoER2 was titrated into SuperBlock to concentrations ranging from 1000 to 15.6 ng/mL. Biotinylation of recombinant human ApoER2 was performed in-house. The titrations were then loaded in duplicate wells per condition tested using 100 mL/well and incubated at ART for 1 h with shaking. After another wash step, streptavidin-conjugated horseradish peroxidase (Pierce Cat. No. 21130) diluted into SuperBlock to 0.5 mg/mL was added to wells using 100 mL/well and incubated at ART for 30 min with shaking. Following a final wash step, plates were developed to sufficient color for approximately 3 min using 100 mL/well tetramethylbenzidine (SurModics TMB One Component Cat. No. TMBW-1000-01) and the reaction stopped with 1 N H 2 SO 4 (SurModics TMB Stop Solution Cat. No. LSTP-1000-01). Plates were read on a microplate reader (Molecular Devices SpectraMax M5) for absorbance at 450 nm. SDS PAGE analysis of CF-RELN employed a 4e12% gradient gel run in MOPS buffer followed by Coomassie staining. Chromatography experiments were run using an Agilent 1290 UHPLC system (America, Agilent Corp.), on a SEC BEH 200A column (Waters Corporation) at 0.3 mL/min in PBS mobile phase controlled by a workstation. Data visualization was compiled using OpenLab Software (Version 2.2, Agilent Corp.).
Brain slice electrophysiology
The forebrain was removed and placed for 1 min in cold (0e4 C) artificial cerebrospinal fluid (aCSF) sucrose solution composed of (in mM): 2 KCl, 1 MgCl 2 , 1.25 NaH 2 PO 4 , 10 HEPES, 26 NaHCO 3 , 1CaCl 2 , 2 MgSO 4 , 10 glucose, 208 sucrose, 0.7 ascorbic acid, and bubbled using 95% 0 2 /5% C0 2 . Final sucrose concentration was altered to adjust the osmolarity to between 310 and 314 mOsm. The forebrain region containing the ARH was blocked (rostral-caudal) and mounted in a vibrating microtome (Leica VT-1000S). Brains were sectioned with a sapphire knife (Delaware Diamond Knives) yielding roughly three slices (250-mm) per mouse. Slices were transferred and maintained at room temperature in a six-well dish containing a recording aCSF solution composed of (mM): 124 NaCl, 5 KCl, 2.6 NaH 2 PO 4 , 10 HEPES, 26 NaHCO 3 , 2 CaCl 2 , MgSO 4 , 5 dextrose, and bubbled using 95% 0 2 /5% C0 2 . For recordings, brain slices were transferred to a perfusion chamber containing aCSF maintained at 34e37 C. Neurons were visualized using an upright microscope (Zeiss Axoskop 2). Recording electrodes were back-filled with experiment-specific internal solutions as follows (mM): Current-clamp; 125 K-gluconate, 2 KCl, 5 HEPES, 10 EGTA, 5 MgATP, 0.25 NaGTP. Voltage-clamp IPSC; 140 CsCl, 5 MgCl 2 , 1 BAPTA, 10 HEPES, 5 MgATP, 0.25 NaGTP. All internal solutions were brought to pH 7.3 using KOH (voltage-clamp) or CsOH (IPSC) at 301e 304 mOsm. Neurons were recorded from the lateral ARH, away from the median eminence and third ventricle. Patch electrodes with a resistance of 3e5MU were guided to neurons using differential interference contrast (DIC) optics (Hammamatsu). Patch-clamp recordings were made with Axopatch 700B (Molecular Devices), a Digidata 1322A digitizer (Molecular Devices), and Clampex 10 recording software. Only neurons with holding currents not exceeding 100 pA at V H ¼ À60mV for the 10-min control period (input resistance > 150 MU) were studied further. Series resistance was monitored throughout the recording, and neurons were not considered for further analysis if it exceeded 24 MU or drifted >25%. Series resistance did not differ between control (aCSF) and treatment. Current-clamp recordings were made at resting membrane potentials, and current injections were not used to hold the membrane at set potentials. All membrane potentials reported were corrected for junction potential (13 mV). All compounds were obtained from Tocris Cookson or Sigma Aldrich. CF-RELN protein was produced and provided by Novo Nordisk.
2.9.
Immunohistochemistry ICV-cannulated wild-type C57/BL mice were injected with vehicle (phosphate-buffered saline (PBS)) or CF-RELN (0.32 nmol/mouse, 5 ml/ mouse). Ninety minutes later, mice were anaesthetized with ketamine/ xylazine, then transcardially perfused with PBS followed by 4% paraformaldehyde in PBS. Brains were post-fixed in the same fixative overnight and transferred to 25% sucrose buffer solution. Forebrains were then frozen and sectioned at 25 mm on a microtome into six (6) serial sets. Tissue sections were washed in 50 mM potassium phosphate-buffered saline (KPBS) several times and pre-incubated in blocking buffer (KPBS þ 0.4% triton X þ 2% normal donkey serum) for 30 min before incubating in rabbit anti-c-Fos, 1:10,000 (sc-52, Santa Cruz Biotechnology, Santa Cruz, CA) containing blocking buffer for 24 h at 4 C. Following 3 10-min washes in KPBS, tissue sections were incubated for 1 h in biotinylated donkey anti-rabbit antibody (1:600, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA), then subsequently washed and incubated in avidin-biotin solution (Vectastain elite ABC, Vector laboratories, Burlingame, CA) for 30 min. The signals were then labeled using a nickel DAB peroxidase substrate kit (NiDAB) and incubating tissue for 1 min (SK-1000, Vector Laboratories, Burlingame, CA). Tissue was then washed 3 Â 10 min in KPBS, incubated in a DAPI nuclear stain, followed by 3 10-min washes in KPBS (D1306, ThermoFisher Scientific). Tissue was then mounted and imaged using an upright Olympus BX6IVS microscope with VS-ASW imaging software (Olympus). Cell counts of c-Fos positive neurons from each mouse (n ¼ 3e4 sections/mouse) were performed manually using ImageJ software. Cell counts were performed blind before the final analysis.
Food intake
For food intake and body weight studies, animals were single-housed and measurements were taken by weighing food hoppers and animals on a scale 1.5 h before the dark cycle. CF-RELN endotoxin levels measured at <0.05 EU per 1 mg of protein. Animals were randomized into groups according to food intake on day À1 of the first injection. Injections were given ICV after food intake and body weight measurements and received either 2 ml of vehicle (PBS), or CF-RELN at 0.15 nmol, 0.30 nmol, or 0.63 nmol. Baseline values for change in food intake and body weight were made by averaging day À3 to day 0 data points to normalize average starting food intake and body weight.
Statistical analysis
For electrophysiology experiments, statistical comparison of drug effect between groups was made using one-way ANOVA with Tukey's or Bonferroni post hoc analysis as noted (see results). In repeatedmeasures designed experiments that were missing data sets for the wash period, we used a mixed-model design. For experiments that classified effects as bidirectional, the KolmogoroveSmirnov (KS) test was used to determine the significance of drug effect on mIPSC frequency and action potential firing frequency within individual neurons (Mini Analysis, Synaptosoft). To classify quiescent neurons in currentclamp studies, we used a cut off of a 0.5 mV change, which is greater than the mean of our vehicle-treated neurons. For all experiments, error bars are presented as mean AE standard error of the mean (SEM) and statistics were calculated using Prism7 software (Graphpad).
RESULTS
Hypothalamic distribution of RELN, ApoER2
, and VLDLR expression Areas of the hypothalamus with the highest levels of RELN, VLDLR, and ApoER2 mRNA expression were identified by in situ hybridization (ISH) of hypothalamic sections. Photomicrographs in Figure 1A show that RELN mRNA expression was detected in multiple hypothalamic nuclei, including the ARH, paraventricular nucleus (PVH), and dorsal medial nucleus (DMH). VLDLR mRNA expression was detectable primarily in the PVH, ARH, ventral medial hypothalamus (VMH), and suprachiasmatic nucleus (SCh; Figure 1B) . Additionally, within the hypothalamus, ApoER2 mRNA expression was very abundant, with the highest levels detected in the PVH, DMH, ARH, ventral medial nucleus (VMH), and SCh ( Figure 1C) . RELN, ApoER2, and VLDLR were all also expressed in the cortex and mPFC (data not shown). We also noted high levels of RELN and ApoER2 expression in the medial amygdala (MeA), which is implicated in both social and repetitive behaviors ( Figure 1A ,C) [33] . These results show that RELN, ApoER2, and VLDLR are expressed throughout the hypothalamus, including areas responsible for food intake and energy metabolism.
DIO alters hypothalamic levels of RELN and its receptors VLDLR and ApoER2
RELN mRNA expression is decreased in the dorsal hippocampus of rats maintained on a high-fat, high-sugar diet and in the mPFC of mice maintained on a HFD [4, 7] . However, it is unknown whether DIO alters RELN, VLDLR, or ApoER2 expression in brain areas involved in energy metabolism, such as the hypothalamus. We used qPCR on hypothalamic blocks to quantify hypothalamic RELN, ApoER2, and VLDLR gene expression in lean control and DIO mice. Unlike previous reports demonstrating decreased RELN gene expression in the mPFC and hippocampus of rats, hypothalamic RELN gene expression was not altered in DIO mice when normalized to 18s rRNA (Quantity/18s) (Control: 0.13 AE 0.02, DIO: 0.09 AE 0.01; t (13) ¼ 1.72, p ¼ 0.11; Figure 2A ) [4, 7] . However, both ApoER2 Figure 1D,F) . Next, we looked at the protein levels of ApoER2, as this is the receptor primarily found in the brain and found that similar to its expression profile, ApoER2 protein levels were decreased in DIO mice Control: 635.9.6 AE 29.8 R.O.D., DIO: 516.9 AE 18.8 R.O.D.; t Figure 2D ,G). These data show that the RELN system within the hypothalamus is altered in DIO mice, including increased FL-RELN protein, decreased ApoER2 protein, and decreased VLDLR and ApoER2 gene expression, all of which may impact RELN signaling in the hypothalamus.
3.3. Recombinant CF-RELN binding affinity to ApoER2 in vitro RELN protein is made up of 8 repeats (R1-8) and is cleaved into three fragments in vivo, the N terminal (N-t), central (CF), and C terminal (C-t) fragments ( Figure 3A) . Previous studies demonstrated that the ApoER2 and VLDLR binding site is located in the R5-R6 region of the central fragment [34] . For our studies, we produced recombinant human CF-RELN (R3-R6 fragment), which shares 95% homology with mouse, to determine the central effects ex vivo and in vivo. High performance liquid chromatography (HPLC) with CF-RELN (24 mg/mL) either immediately after stock production or subjected to three freeze thaw cycles demonstrated no impact on the monomer:dimer ratio. An overnight incubation resulted in some aggregation, with a slight shift towards CF-RELN present as high-molecular-weight dimers or aggregates (data not shown). A Coomassie stain was performed to confirm the molecular weight of recombinant CF-RELN, which was present as a monomer and dimer in the absence of reducing agent (NR) and as a monomer in the presence of reducing agent (R) ( Figure 3B ). To determine the binding affinity of CF-RELN onto ApoER2, biotinylated ApoER2 was treated with 6 nM of synthesized CF-RELN and compared to CF-RELN obtained from R&D Systems. The binding affinity of synthesized CF-RELN was similar to CF-RELN obtained from R&D Systems (Figure 3C ). Lastly, we performed a competition assay with non-labeled (cold) and biotinylated ApoER2 at increasing molar ratios, demonstrating that observed binding is due to a specific interaction between CF-RELN and ApoER2 ( Figure 3D ). These experiments demonstrate that CF-RELN is stable within our experimental parameters and physically bind to ApoER2 in vitro. However, it cannot be excluded that there are differences in their ability to functionally activate the receptor, or differences in its binding characteristics ex vivo or in vivo.
3.4. CF-RELN has distinct effects on action potential firing rate and membrane potential in ARH-POMC-EGFP neurons To determine whether CF-RELN alters the activity of POMC neurons that participate in body weight regulation, whole-cell patch-clamp recordings were performed on ARH-POMC-EGFP neurons in hypothalamic brain slices of mice to measure action potential firing rates and the resting membrane potential in these neurons. ARH-POMC-EGFP neurons were easily identified and visualized in the coronal brain slice preparation for electrophysiology recordings. Figure 4F ). The RELN effect on membrane potential was not dependent on resting membrane potential (Pearson R correlation, R 2 ¼ 0.008; p ¼ 0.64; data not shown) and there was no significant difference between baseline action potential firing frequency of CF-RELN excited and inhibited neurons (Excited: 0.6 AE 0.3 Hz, Inhibited: 0.8 AE 0.4 Hz; t (24) ¼ 0.28, p ¼ 0.78; Figure 4E ). The effects of CF-RELN did not disappear after 20 min of an aCSF wash perfusion, and three out of 38 cells did not respond to CF-RELN ( Figure 4C,G) .
CF-RELN increases mIPSC frequency in ARH-POMC-EGFP neurons
To establish whether CF-RELN acts on ARH-POMC-EGFP neurons through a pre-or post-synaptic mechanism, we examined miniature inhibitory post-synaptic currents (mIPSCs). To isolate synaptic inhibitory currents and inputs, recordings were performed in the presence of TTX (1 mM), the AMPA receptor antagonist CNQX (10 mM) and the NMDA receptor antagonist APV (50 mM). In 9 out of 14 neurons, bath application of CF-RELN (100 nM) reduced mIPSC frequency from 2.4 AE 0.3 Hz to 1.9 AE 0.3 Hz (0.8 AE 0.1-fold; Figure 5AeC ). In 5 out of 14 neurons, bath application of CF-RELN (100 nM) enhanced mIPSC frequency from 2.3 AE 0.6 Hz to 2.5 AE 0.7 Hz (1.1 AE 0.04-fold; Figure 5AeC ). There was no significant difference in baseline mIPSC frequency between neurons Figure 5D ). Bath application of CF-RELN (100nM) decreased mIPSC amplitude in both the reduced and enhanced groups (mIPSC control: 52.1 AE 6.4 pA, CF-RELN: 43.4 AE 5.5 pA; t (13) ¼ 2.26, p ¼ 0.04; Figure 5E ). CF-RELN did not have a significant effect on holding current (t (13) ¼ 0.46, p ¼ 0.65; data not shown). These data suggest that CF-RELN has both pre-and postsynaptic actions on ARH-POMC-EGFP neurons.
CF-RELN has multiple modes of action on ARH-POMC-EGFP neurons
To investigate whether the actions of CF-RELN on ARH-POMC-EGFP neurons are dependent on the modulation of GABA mediated inhibitory inputs, we switched to the current-clamp configuration and recorded CF-RELN effects on membrane potential in the presence of multiple synaptic blocker combinations. Since we did not observe a washout of CF-RELN in most neurons, we wanted to confirm that our observed effect of CF-RELN was not an artifact due to a drifting membrane potential over time. We recorded a small sample of neurons with bath application of vehicle only and did not observe any drift in these recordings (aCSF: À52.6 AE 4.4 mV, Vehicle: À52.1 AE 4.5 mV; t (3) ¼ 1.67, p ¼ 0.20; Figure 6A ,B,K).
Pretreatment with the sodium channel blocker TTX (1 mM) did not block CF-RELN effects on membrane potential, suggesting that CF-RELN acts directly at the synapse (TTX: À56.1 AE 1.9 mV, TTX þ CF-RELN: À54.3 AE 1.8 mV, TTX wash: À56.7 AE 1.5 mV; n ¼ 11; Mixed-effects model, Tukey's post-hoc, F (2, 17) ¼ 8.89, p ¼ 0.002; Figure 6C ,D,K). Interestingly, in the presence of TTX no neurons were hyperpolarized by CF-RELN. Next, we determined whether GABAergic inputs were required for the effects of CF-RELN on membrane potential using the GABA A R antagonist bicuculline (BIC) in combination with TTX. Similar to TTX, in this preparation CF-RELN significantly depolarized ARH-POMC-EGFP neurons and no recorded neurons hyperpolarized in response to CF-RELN (TTX þ BIC: À52.9 AE 2.8 mV, CF-RELN: À50.6 AE 2.6 mV, together, these data demonstrate that CF-RELN has complex actions on ARH-POMC-EGFP neurons, some of which are indirect through influencing presynaptic inputs onto ARH-POMC-EGFP neurons, and direct inhibitory effects that are independent of GABAergic and glutamatergic signaling.
3.7. DIO blunts post-synaptic actions of CF-RELN Given that DIO decreases ApoER2 and VLDLR gene expression ( Figure 1B,C) , we wanted to determine the impact of DIO on the synaptic actions of CF-RELN on ARH-POMC-EGFP neurons. To determine whether DIO affects the pre-or postsynaptic effect of CF-RELN, recordings of inhibitory currents were made from ARH-POMC-EGFP neurons in DIO mice. Baseline mIPSC frequency was significantly lower in DIO mice when compared to control (Chow: 2.4 AE 0.3 Hz, DIO: 1.3 AE 0.2 Hz; unpaired t-test, F 13,14 ¼ 2.1, p ¼ 0.002; Figure 7B Figure 7C) . Interestingly, the effect of CF-RELN on mIPSC amplitude was lost in DIO mice (Control: À60.5 AE 5.5 pA, CF-RELN: À58.4 AE 4.9 pA; Figure 7D ). There was no significant difference in mIPSC amplitude between control and DIO mice. Next, we switched to the current-clamp configuration and determined that CF-RELN was still able to hyperpolarize ARH-POMC-EGFP neurons in DIO mice (aCSF: À54.33 AE 4.2 mV, CF-RELN: À50.0 AE 4.3 mV, À49.9 AE 5.8 mV; Mixed-effects model, Tukey's post hoc, F (2, 11) ¼ 5.79, p ¼ 0.02; Figure 7E ,F,G). These data suggest that DIO mice have a reduced presynaptic inhibitory tone, though the presynaptic effects of CF-RELN on inhibitory inputs, along with the depolarizing effects of CF-RELN, are not altered. In contrast, the post-synaptic actions of CF-RELN on ARH-POMC-EGFP neurons were blunted by DIO.
Central administration of CF-RELN increases ARH c-Fos expression and results in a reduction in food intake and body weight
To determine whether CF-RELN can activate hypothalamic neurons in vivo, c-Fos activation was quantified and visualized using NiDAB staining, following ICV injections of vehicle (n ¼ 6) or CF-RELN (0.3 nmol; n ¼ 5) into the lateral ventricle of wild-type mice ( Figure 8A ). When compared to vehicle (3.71 AE 0.87 c-Fos þ neurons/ section), CF-RELN significantly increased c-Fos activation in the ARH (32.53 AE 13.53 c-Fos þ neurons/section; student's t-test, t (9) ¼ 2.35, p ¼ 0.04; Figure 8A ,B). These data demonstrate that central administration of CF-RELN activates hypothalamic neurons, including in the ARH. Given that CF-RELN alters the activity of ARH-POMC-EGFP neurons ex vivo and increases cFos expression in vivo, we next determined the effects of CF-RELN on food intake and body weight. Lean mice on a control diet received daily lateral cerebral ventricle injections of vehicle, or one of three concentrations of CF-RELN (0.15 nmol, 0.30 nmol, or 0.63 nmol). CF-RELN had a significant effect on food intake 24 h after the first injection in mice receiving 0.15 nmol (p ¼ 0.003) or 0.63 nmol (p ¼ 0.015) CF-RELN; however, additional daily injections did not result in further decreases in food intake (two-way ANOVA, Figure 8E ,F). These data show that, in mice fed a regular chow diet, CF-RELN can induce a temporary reduction in food intake and body weight.
DISCUSSION
Obesity is a risk factor for multiple neurological disorders associated with RELN, and an HFD disrupts RELN expression in brain areas associated with these disorders [4, 6, 7, 35] . The current studies demonstrate for the first time that the RELN system in the hypothalamus is altered by DIO, and that RELN has direct actions on ARH-POMC neurons, a key population of neurons regulating appetite and body weight homeostasis. Here we report four key findings: first, hypothalamic protein levels of RELN and the expression of ApoER2 and VLDLR are altered by DIO; second, CF-RELN activates ARH neurons in vivo; third, CF-RELN acts pre-and post-synaptically on ARH-POMC neurons; lastly, the post-synaptic effects of CF-RELN are blunted by DIO. RELN acts through the lipoprotein receptors ApoER2 and VLDLR, which together play an important role in development, synaptic maturation, and cholesterol and fatty acid metabolism [15] . Notably, VLDLR deficiency protects against DIO; however, the synaptic mechanisms underlying RELN, ApoER2, and VLDLR signaling in hypothalamic nuclei and the impact of DIO on this system have not been explored [36] . Here we show that VLDLR and ApoER2 gene expression is decreased in the hypothalamus of DIO mice. Obesity is known to increase plasma triglycerides, cholesterol levels, and blood glucose, and VLDLR-deficient mice exhibit improved glucose clearance, reduced adipose tissue size, protection against DIO, and decreased levels of inflammatory markers [14, 37, 38] . This suggests that the decreased expression of VLDLR and ApoER2 may be a protective mechanism or compensatory response to elevated free fatty acids and circulating lipoproteins. Interestingly, obesity upregulates VLDLR expression in human adipose tissue, suggesting that the impact of obesity on VLDLR expression is likely tissue-specific [39] . Although hypothalamic RELN expression was unchanged, protein levels of RELN were increased in the hypothalamus of DIO mice. This could either be due to changes in the translation of RELN mRNA to RELN protein or decreased degradation processes. For example, expression of ADAMTS-4 and ADAMTS-5, the proteases responsible for the degradation of RELN, are regulated by leptin, a hormone involved in both metabolism and mood disorders, whose circulating levels are increased in DIO animals [8,40e43] . The majority of studies characterizing hypothalamic RELN expression have focused on embryonic and postnatal developmental periods, reporting strong RELN expression during development and a slow decline in expression into adulthood [11, 44] . However, the function of RELN in adulthood, particularly in the hypothalamus, remains largely unknown. Similar to previous findings, we observed the highest hypothalamic RELN gene expression in the PVH, which receives direct connections from ARH-POMC neurons and is involved in both mood disorders and satiety pathways [11, 20, 45] . However, neither RELN nor its receptors have been studied in regard to hypothalamic metabolic processes. VLDLR plays a major role in cholesterol and fatty acid metabolism; however, the few studies looking at the role of VLDLR in the hypothalamus have primarily focused on reproductive endocrine signals [15, 46] . The function of RELN receptors and the expression of RELN, ApoER2, and VLDLR in hypothalamic nuclei such as the ARH, DMH, PVH, and VMH suggest interplay between RELN and metabolic circuitry. Further evidence that RELN could be an endogenous regulator of metabolic circuitry in the hypothalamus comes from the current study's findings that CF-RELN alters the electrophysiological 
. K, Mean change in membrane potential for CF-RELN excited and inhibited neurons, all neurons combined, and experiments in panels A-J. Statistical differences were determined using a paired t-test or mixed-effects model with Tukey's post-hoc (Error bars indicate AE SEM; *p < 0.05, **p < 0.01).
properties ARH-POMC neurons. Here we report two distinct responses of RELN on ARH-POMC neurons. Depending on the neuron, CF-RELN was able to either excite or inhibit the activity of ARH-POMC neurons. It is well established that responses from ARH-POMC neurons are often heterogeneous, with previously documented heterogeneous responses to leptin, insulin and glucose [26,47e49] . Additionally, ARH-POMC neurons can be either glutamatergic or GABAergic and also produce opposing peptides, such as the orexigenic peptide b-endorphin and the anorexigenic peptide a-MSH, both of which are also involved in affective disorders [50e55]. This finding indicates that RELN may have several different modes of action to alter firing of the ARH-POMC neuron population which could influence the activity of downstream targets involved in metabolic regulation, such as the PVH [11, 20, 45] . To explore potential mechanisms by which RELN inhibits a subpopulation of ARH-POMC neurons, the current study investigated RELN modulation of inhibitory input to this population. ARH-POMC neurons can self-regulate via inhibitory inputs and also receive inhibitory inputs from ARH-NPY neurons [26, 28, 29] . In other brain areas such as the cortex, RELN is co-expressed with both NPY neurons and GABAergic neurons [30] . We observed that, similar to CF-RELN actions on ARH-POMC neuron excitability, CF-RELN has differential effects on inhibitory inputs onto ARH-POMC neurons, either reducing or enhancing the presynaptic release of GABA onto these neurons. Our results show that CF-RELN alters both mIPSC frequency, which is associated with presynaptic actions, and amplitude, which is associated with a postsynaptic effect [56, 57] . Interestingly, when we isolated the synapse and measured membrane potential, ARH-POMC neurons depolarized homogenously. This also occurred when we blocked the GABA A R. One possible mechanism for this finding is that CF-RELN actions on ARH-POMC neurons also involve excitatory neurotransmitters such as glutamate. RELN is involved in synapse formation and in the hippocampus RELN enhances NMDA and AMPA receptor activity through different mechanisms [58, 59] . When blocking NMDA and AMPA receptor activity, multiple neurons did depolarize; however, CF-RELN did not have a net effect on membrane potential, suggesting the involvement of glutamatergic inputs in CF-RELN actions on ARH-POMC neurons. Lastly, we tested whether CF-RELN had direct actions on membrane potential independent of both glutamatergic and GABAergic signaling. When we blocked GABA A , NMDA, and AMPA receptors, CF-RELN consistently inhibited ARH-POMC neurons. Together these data demonstrate that CF-RELN has complex actions on ARH-POMC neurons, and while excitatory and inhibitory presynaptic inputs are involved in the actions of CF-RELN on ARH-POMC neurons, CF-RELN has independent postsynaptic actions on these neurons. It is possible that presynaptic actions of CF-RELN are variable due to the number, strength, and types of inputs on each individual ARH-POMC neuron. How all these components work together, and the significance of each component in the system as a whole, is still unclear and requires future studies. Consistent with RELN's ability to alter ARH-POMC neurons through differential pre-and post-synaptic mechanisms, there is evidence that both VLDLR and ApoER2 are located pre-and postsynaptically in other neuronal phenotypes [60e62]. Here we show that DIO attenuates CF-RELN's actions on inhibitory postsynaptic signals in ARH-POMC neurons, which is consistent with our data showing a decrease in VLDLR and ApoER2 expression. However, in DIO CF-RELN still has an excitatory action on ARH- POMC neurons. This suggests that, although the RELN system is altered in DIO, the functional role of RELN in metabolic circuitry is still intact. Whether CF-RELN actions in DIO are mediated by ApoER2 and VLDLR or if an additional unknown receptor is involved is yet to be determined. Lastly, we investigated the effects of CF-RELN in vivo. Our results indicate that exogenous CF-RELN can activate ARH neurons and has a modest effect on food intake and body weight. Similar to known orexigenic hormones, CF-RELN treatment does not have long-lasting effects in lean animals. RELN might be altering hypothalamic systems that influence long-term synaptic organization and play a role in non-metabolic processes. The more long-term influence of RELN on metabolic circuitry is supported by our initial results that show hypothalamic ApoER2 and VLDLR expression are decreased, and RELN protein levels are increased, in DIO mice. It remains unclear whether CF-RELN treatment would be effective in DIO and if one or both of the known RELN receptors mediate the postsynaptic response in ARH-POMC neurons.
CONCLUSIONS
While the current study focuses on the role of RELN in the hypothalamus and in metabolic circuitry, it does raise the question of whether RELN is an intermediary link between obesity and other disorders. The hypothalamic-pituitary-adrenal axis is highly involved in metabolic processes and is associated with mood and developmental disorders. Additionally, the hypothalamus is smaller in patients with ASD [63, 64] . Given that maternal obesity is a risk factor for ASD, RELN is associated with ASD, and RELN signaling is altered in the hypothalamus of DIO animals, it is reasonable to question whether RELN is the common denominator [35,65e67] . Further studies are needed to investigate the exact role of RELN in metabolic circuitry, whether maternal obesity impacts RELN signaling in developing offspring, and how these systems are related. Taken together, these studies demonstrate a possible mechanism by which RELN could influence energy homeostasis, potentially via actions on ARH-POMC neurons. In addition, consumption of an HFD blunts VLDLR and ApoER2 expression in the hypothalamus and disrupts at least one mechanism by which RELN acts on ARH-POMC neurons. While future work is required to determine the exact role of RELN in energy homeostasis, these studies provide an interesting direction for future work exploring the relationship between development, metabolic circuitry, and their associated pathologies.
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